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ABRASION OF GEAR WHEEL MATERIALS UNDER COMBINED
ROLLING AND SLIDING CONTACT.
INTRODUCTION:
A considerable amount of work has been done by 
various investigators to determine the relation, if any, 
which exists between the wearing properties of a material 
and its mechanical properties or its so called hardness. 
Hardness in the abstract is difficult to conceive; 
generally, however» the conception embodies the idea of 
resistance to deformation of one kind or another, e.g. 
indentation, scratch and resilience accompanying indenta­
tion. Hardness thus becomes a matter of definition in 
terms of the force of deformation, or properties associated 
therewith, employed in its measurement. Whilst it is 
natural to assume that hard materials will offer the greater 
resistance to abrasive wear than softer materials, as 
measured by the common methods of determining hardness such 
as by the Brinell test, and Shore Scleroscope, abrasion is 
a different phenomenon and the resistance of a material to 
abrasion requires to be measured by a test which brings into 
play the characteristics of the phenomenon. That such a 
course is necessary has been stated by more than on© 
investigatoru) and attempts to correlate hardness values, 
as measured in th© ordinary way, and resistance to abrasion 
have not met with much success.
The object of this investigation is to examine the 
special conditions which govern th® abrasion of gear wheel 
material and, by devising an apparatus which will apply test 
conditions approximating to those which occur in tooth 
gearing, to investigate the phenomenon of abrasion and if 
possible to provide a means for th© selection of the most 
suitable materials for gears.
The investigation has therefore been mad© under th© 
following headings
I, Kinematics of toothed gears with reference to
contact conditions.
II, Contact stresses,
III, Phenomenon of tooth wear.
IV, Testing apparatus including development and
design.
V, Tests made.
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VI. Results,
VII. Conclusions.
VIII. Further fork.
Appendix, i. Calculations.
ii. Bibliography.
X, KINEMATICS OF TOOTHED GEARS:
Although the investigation is confined to the 
involute form of gear tooth it will be understood that 
the results will be applicable in a general wav to all 
forms of tooth profile. Helical gearing is particularly 
in mind on account of its increasing us© for high speed 
reduction gears as in the case of turbine reduction gears. 
Whilst however helical gearing may be regarded as the . 
general case, its chief characteristics may be taken into 
account by considering a helical tooth to consist of a 
large number of lamellar teeth displaced angularly in the 
axial direction so as to give th© helical form.
Considering such a tooth lamina, Fig.1 , Sheet 1. 
represents a thin section of a pair of meshing gear teeth 
in three positions, (a) just after th© commencement of 
engagement, (b) when the point of contact is at the pitch 
line and (c) just before th© end of engagement. Further, 
let the gears be considered to rotate in the direction 
shown by the arrows and let P be the pinion or driver and 
W the wheel or driven gear* Considering first position 
(a), it will be seen that as - the teeth move into mesh 
they first come into contact at the root of the pinion 
tooth and th© tip of the wheel tooth and that the point 
of contact moves from th® root to the tip of the pinion 
tooth and from the tip to the root of the wheel tooth.
Now at position (a) the point of contact on th© pinion 
tooth Pp has velocity Vp which is represented in Fig.2. 
Sheet 1. as PpO, The point of contact Pw on th© wheel has 
velocity Vw represented in Fig,2. Sheet 1, as PwQ. Fig,2, 
Sheet 1 . is therefor© the vector diagram for the position 
(a) of the two teeth and the vector.PwPp gives th© relative 
velocity of the wheel tooth over the pinion tooth, It 
will b© seen that as the wheel rotates from the Position
(a) the relative velocity between th© wheel and the pinion 
will get smaller but will always be in the same direction 
until the point of contact is on the pitch line when the
relative velocities become aero. Continuing further the 
vector diagram now becomes as in Fig,3 , Sheet 1* and it is 
seen that the relative velocity of the wheel tooth over 
the pinion tooth has reversed its direction and increases 
with the displacement of the point of contact from the 
pitch line. Therefore as the point of contact moves over 
the pinion tooth from root to tip the relative velocity or 
slip between the wheel and pinion teeth is always away from 
the pitch line and i3 aero at that line, being a maximum 
at the commencement and finish of engagement* The action 
on the tooth face may be represented diagr&mmatic&lly as 
in Fig,4a» Sheet 2* which shows the wheel tooth replaced 
by rollers which slip and roll as indicated* The curved 
arrows represent the direction of slipping while the 
straight arrows indicate the direction"of the movement of 
the point of contact or the direction of the rolling of 
one tooth over the other.
Considering in a similar manner the wheel tooth, 
it can be seen that as.the point of contact moves from 
the tip to the root the direction of slipping is always 
towards the pitch line, being similarly a maximum at the 
start and finish and diminishing to zero at the pitch line* 
This may be represented in a manner similar to Fig,4&*
Sheet 2* as shown by Fig,4b. Sheet 2,
An examination of Fig*4&. and Fig,4^ • Sheet 2, 
shows that there are only two types of relative motion 
of the teeth over each other, namely:-
(a) When the slipping and the movement of the point;
of contact {rolling) are in the same direction,
(b) When the slipping and the rolling are in
opposite directions,
Further it will be seen that below the pitch line 
on both the pinion and the wheel teeth the motion is of 
type (b) and above the pitch line on both the pinion and 
wheel teeth it is of type (a)* It seems reasonable to 
expect that these two different types of motion may cause 
different amounts of wear due to their different action 
for, considering type (a) the effect is for the surface 
material to be flowed or pushed up in front of the roller 
and then rolled or smoothed down again as the point of 
contact advances. With type (b),however, the material is 
flowed or pushed up behind the roller and left there in a 
more or less loose state until the operation is repeated 
at the next engagement. When the roller returns the foiling
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action will tend to flow the surface particles forward 
and then the slipping will tend to move the material 
back again, thereby applying a reversed stress action 
which doss not occur in the (a) type of motion.
XI, COHTACT STRESSES:
The stresses which are set up in elastic material 
at the point of contact of two curved surfaces are very 
complex and difficult of exact analysis by mathematical 
methods, but a solution of th© problem is possible by 
Professor Coker*s optical method of stress determination. 
This method, as is well known, employs a model of the 
part cut from transparent material such as celluloid which 
is stressed, and examined by means of polarized light.
From the colour of the object and the direction of the 
extinction bands and the change in thickness it is possible 
to determine within a few percent the stress at any point 
and so obtain curves of the stress distribution. This has 
been done by Professor Cokervl/and others for gear teeth 
but they had to use stationary models pressed together.
Fig*6. Sheet 3 , is a copy of a stress distribution diagram 
published by Professor Coker, How this would be quite a 
sound method to use if gears were run together with no . 
lubrication, but when lubrication is introduced it is 
questionable as to how far the results will apply. It has 
been demonstrated by Dr. Stanton(2)that the lubrication in 
journals seems to follow the theory of Osborne Reynolds 
even when the loads are very severe, so it "seems reasonable 
to suppose that it will do so for gear teeth. If this is 
so an idea may be formed of the kind of contact loading 
which will exist'between gear teeth. The case of reduction 
gears may be simplified by considering the curvature of the 
wheel teeth as infinite, as it will'be large compared with 
th© pinion tooth curvature. It has been shown'3/that the 
pressure distribution in the oil film is of the -fora.shown 
in Fig,7 , Sheet 3 . For a particular gear with tooth radius 
of curvature 2*75® it is.shown that under a load of 267 lbs/ 
linear inch and a velocity of roll of 20*3 ft,sec, that the 
maximum pressure will be 6,376 lbs/sq,inch while the . 
affective bearing will be 0 .087* wide, the pressure then 
having fallen to 1/125 of its value. It will thus be seen
« i —
(l) Engg, 1922. pp.75S.
^  Proo.Inat.Meoh.Kngra. Nov.1922.
(3) jngg. 1916. p.119.
that the effect is no longer that of a line contact but 
something which is inbetween line contact and the contact 
of a narrow flat plate, .Professor Coker has considered 
the case of line contact^'and also that of narrow flat 
plates pressed on to larger blocks (l).. Fig*8 . Sheet 3 , 
is a reproduction of one of his illustrations. This shows 
the distribution of stress difference along a centre line 
through the load, which was applied by means.of a narrow 
plate.
The difference of the principal stresses at any 
point represents the shear stress at that point and so the 
curve really shows the distribution of the shear stress 
on a section under the load. It will be noticed that it 
reaches a maximum a short distance below the surface and 
then tails off. This particular illustration refers to a 
case in which the load is applied by means of a block one 
inch wide but the effect would be the same for.smaller 
widths and Professor Coker refers to narrower plates which 
show a similar effect. When very narrow plates are used, 
however, the curves do not show a maximum but as.here there 
is difficulty in measuring stresses very near the surface 
it seems quite possible that a similar maximum occurs but 
too close to the surface for detection and measurement.
With curved contact surfaces, e.g. a roller pressing on a 
plane, none of the curves given by Professor Coker show a 
maximum point, but they all finish a short distance from, 
the surface, and as the largest roller is only l/4 ® diameter 
it is possible that the shear stress may still reach a 
maximum but too near the surface to appear on the curves. 
With ductile materials there is considerable evidence that 
failure is by shear, even when caused by fatigue. 
Consequently there appears to be some justification for 
thinking that failure may occur a little way below the 
surface if the stress be large enough,
When two teeth mesh together it is seen that besides 
the rolling and sliding action which has been described 
(p.3) there is in all probability a maximum shear stress 
which travels along beneath the surface at the point of 
contact. Should there be any slight imperfection just below 
the surface in its path or some irregularity on the meshing 
surfaces this stress will be considerably increased possibly 
to a dangerous value, and although it is unlikely that it 
will reach a value great enough to cause rupture at once by 
repeated application it may start a fatigue crack, leading 
finally to a piece coming,out. It should be possible to 
construct a large scale model in a transparent material for 
an examination under.actual running conditions including a
(!) Contact Pressures & Stresses, Proc.Inst.Mech.Fngrs. 1921.
lubricant. The Research Department of the General 
Electric Company of America hay® devised a method 
whereby it is possible to view or photograph the stress 
distribution while the gear is running. The method is 
a combination of Professor Coker*s photoyelastic 
apparatus and the stroboscopic principle!1). By considering 
the principles of similarity with reference to the problem 
it should be possible to so fix the size of the meshing 
surfaces as to enable the above theory to be tested,
III, PH3SKQM1N01 OF TOOTH WEAR:
There seems to be two distinct types of abrasion 
or wear which occur at the meshing faces of gear teeth,
(a) A regular change in the shape of the gear
profile,which change is usually uniform along 
the length of the teeth.
(b) The formation of a number of tiny cavities or
pits on.the tooth face* These may or may not 
be due to wear as is usually understood.
Considering the type (a) Fig*9* Sheet'4* is the 
enlarged profile of, a worn pinion wheel tooth from a 
reduction gear* This was obtained by cutting a thin section 
perpendicular to the tooth length and projecting by optical 
means an enlarged image of the section. The dotted line is 
the original tooth form obtained from the unworn side of 
the tooth. From this diagram - which is typical of reduction 
gear pinion teeth - it will be seen that the amount of wear 
varies considerably over the profile, being much greater 
below the pitch line than above it. This of course produces 
a change in the actual shape of the tooth profile. It 
would be of interest to determine the law of the curve of 
which this profile is part, but it has not yet been possible to 
do so. There is one point of interest which may also be of 
importance; it is.this:
It was found out, more or less by chance, that the 
worn profiles of three different pinions of the same pitch 
and approximately the same diameter were all very closely th® 
same shape. Two of these pinions had been meshing with the 
same wheel, but the other was from a different gear, and it 
looks as if there might be some peculiar form to which teeth
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tend to wear. Of course on so little data it is impossible 
to do more than surmise and until more information is 
available no definite statement can be made, but it was 
thought to be of sufficient interest to deserve notice*
Th© writer has not so far been able to obtain any 
worn gear wheel teeth as distinct from pinion teeth and 
examine their profile, but it seems reasonable to expect 
that they would exhibit the same change of form as pinion 
teeth; otherwise they could not mesh correctly.
This change of form has one rather important effect 
and that is the gear will no longer possess that property 
of an involute gear which allows it to work quite well at 
different meshing depths*
From a consideration of the relative motion of a 
pair of gear teeth it was seen (p.3) that the motion is 
composed of a rolling and sliding of each surface over the 
other. Further, while the surfaces always roll over each 
other in the same direction, e,g» from the root to the tip 
on the pinion and from the tip to the root on the wheel, the 
direction of sliding changes sign at th© pitch line, being 
away from the pitch line on the pinion and towards the pitch 
line on the wheel. Thus there are two types of relative 
motion v^ as explained before. (See Figs* 4&* and Sheet 2.) 
Fig*5* Sheet 2« shows in rather a diagrammatic fashion what 
the effect of the two motions would be on the surface of the 
material. The (b) type would appear to leave the surface 
frayed and liable to break away and so cause greater wear.
If this is so we should expect to find greater wear below 
the pitch line than above it* In the case of reduction gears 
this is just what occurs and it seems reasonable to suppose 
therefore that th© assumption is correct* This difference 
of wear is shown clearly in.Fig.9 , Sheet 4* Fig*lG* Sheet 4 * 
has bean prepared to,show how the wear varies over the profile. 
The depth removed has been taken as a measure of the amount 
of wear at any position. At the tip of the tooth on the worn 
side there is a projection or fin. This is formed by the 
flowing of the surface material towards the tip and shows 
that this flow do©3 actually occur. There is sometimes a 
similar fin or burr at the position X on the lower portion 
of the profile. There will not be any fin however on the 
wheel teeth unless there has been a hammering action between 
them, aa otherwise the flow would be towards the pitch line.
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An examination of the micro structure of the 
material near the surface of a worn gear profile will 
show how the surface material has been distorted*
Fig.ll, Sheet 5 * is & micro photograph of a tramway 
pinion wheel tooth* This pinion had been subject.to 
very severe usage and was very badly worn. The surface 
flow of the material away from the pitch line is clearly 
shown by the elongated form of the ferrite grains.
Because of the very severe treatment this tooth has 
received the flow has occurred for a greater depth than 
is usually the case*
It is necessary to enquire if the flowing of 
material is due to the rolling or sliding action, or a 
combination of both, From the micro photograph it can 
be seen that the flow definitely increases away from each 
side of the pitch line where the action is pure rolling, 
which looks as if the sliding caused the flow. Yet the 
Committee on Hardness say in their report(l)that they 
found that pure sliding caused no flow or distortion of 
the surface; they do not however show any micro photographs 
but apparently judged from the hardening Or otherwise of 
the surface produced by the abrasion. Rollingt they found, 
caused wear due apparently to the fatiguing of the surface 
layer of the material by constant compression and release, 
This soon glossed the surface over and caused the material 
to come away in tiny flakes. How it may be that although 
pure sliding will not cause any flow, sliding combined with 
rolling may do so, and indeed it looks as though it does as 
the surface flow of gear teeth is well known to occur, it 
being quite usual to find the fin, referred to before, on 
the tip of the pinion teeth. Some makers radius the tip to 
prevent or rather delay its formation.
The Hardness Committee^) and others have found that 
the surface of material subject to abrasion which distorts 
it, is considerably harder than the original material, One 
investigator, Hasbaumer^mentions the fact that for bronzes 
he found that the distorted material has.much better wearing 
properties than th® undeformed material.
There is one great difference between the abrasion 
as tested by most investigators and that which occurs at 
the face of gear teeth. Usually the materials of which 
gears are formed are of about the same hardness. There are
— 3
(1) proc.Inst .Mech.Fngrs, Nov,l$l6,
(2) Hote on Wear of Bronzes, Int.Assoc,Test Materials.1912.
lst.Sect.III-4*
special oases of hardened pinions and soft wheels and 
so on* hut this is not general practice. Now almost 
all abrasion tests have been made with an abrasive 
material which is much harder than the material being 
tested. Some investigators have used emery or other 
cutting papers. Others.have used hard steel or cast 
iron discs* Now while a hard abrasive may not cause 
distortion of the surface when used on a soft material 
it might conceivably do so if the two materials were of 
approximately equal hardness. Further* th© tests made 
by the Hardness Committee were unlubricated and they 
state that traces of lubrication caused.the results to be 
inconsistent.. With proper lubrication it is possible 
that quite different results might be obtained.
With lubricated surfaces it seems that the danger 
zone is at the pitch line for there* where for an instant 
the relative velocity of the surfaces is zero* the 
lubricant may get squeezed out and a metal to metal 
contact" ensue, Then upon sliding slowly, starting, there 
is-danger.of th© metal seizing, As however the oil takes 
time.to flow but from between the surfaces it would seem 
that there is greater danger of this happening on slow 
speed than on high speed.gears. Mr, Lanchssterv3*/gives 
some details of failure of motor car gears apparently due 
to this cause. The effect is for the tooth to be worn 
away just above the pitch line into the form of a groove 
(See Sketch, Fig*1 2, Sheet 6.), This would seem to be a 
form of we&r peculiar to gears which carry very heavy loads 
under particularly severe conditions* although the.tramway 
pinion referred to (p.8) did not exhibit any signs of this 
type of wear.
Considering th© type of wear (b), p.6, that is* 
the formation of pits or cavities.on the meshing.faces of 
the teeth* these pits usually lie on or about the pitch 
line but are also found on other parts of the profile.
Fig.1J» Sheet 6* is a photograph of a typical case of these.
There have been various reasons advanced to account 
for this phenomenon which usually first.starts at quite 
an early stage in the life of a gear and rapidly reaches 
a maximum*after which the amount of pitting seems not to 
vary very much. It has been suggested that the teeth may
—. Cj «
(l)v 'Manchester’s Spur Gear Erosion. Engg. 17th.June 1521,
P. 733.
\have seized at these points and so plucked out small 
pieces of the material from the surface, this seising 
being caused by.tiny.projections on the surfaces due to 
irregularities of machining breaking down the oil film.
Another suggestion is that the material is piled up by 
the flowing action until it falls out and leaves a cavity. 
This may apply to the wheel teeth but it could not apply* 
to the pinion teeth as there the flow is away from the 
pitch line.
The presence of small pieces of gear and other 
material free between the teeth may also help to cause 
pits by producing high local stresses. It is quite 
possible that these pieces of material may cling to the 
teeth for several engagements before being finally carried 
off in the oil and filtered out. Numerous such small 
particles may be found among the filtrate from gear oil 
which has been in use for some time,
If the form of these pits is examined it will be 
found that they do not exhibit many signs of having been 
torn out; rather the tearing due to seizing tends to 
produce a wear of the form shown by Fig*12* Sheet 6. The 
pits have more the appearance of a fatigue fracture, the 
surface showing the.peculiar waved form associated with 
such failures, Fig*14» Sheet 6* is a photograph which 
shows the waved form of a fatigue fracture quit© well and 
although in the photographs of the pits this does not show 
up so well an examination of the actual pits will reveal 
the same type of surface, It is quite possible that some 
of the pitting may actually be due to failure by fatigue, 
and the following gives some reasons for this idea,
It was pointed out on page 5* that the maximum 
shear stress due to the contacts may, under certain 
conditions, lie just below the surface of the material*
Now if due to some local defect this stress becomes abnormally 
high the large number of applications may cause a fatigue 
fracture as explained before (p,5 ) and a pit is formed*
It would be of interest to know if the Hardness Committee 
had any pits formed on their rolling abrasion test pieces.
They mentioned that the material came away in tiny flakes 
which may be due possibly to the same cause. Their test 
pieces, however, were very small in diameter and the maximum 
shear stress would therefore be very near the surface in 
this case*
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It would seem that the contact stresses have 
some effect on the formation of pits for the new type 
of envelopingV1)gear is said not to pit until it reaches 
a much higher loading per inch of tooth than that which 
the normal gear can carry, and in this case the.contact 
stress will he reduced by the tt env el oping11 form of the 
teeth*
IT * TESTING APPARATUS:
For testing purposes an apparatus is needed which, 
with maximum simplicity, will rub pairs of specimens 
together under conditions similar to those of actual 
meshing* The requirements of such an apparatus are:-
1 * The specimens should be of such size and shape
that the wear can be easily and accurately.estimated.
2 * Specimens must be easily detachable for observation 
and measurement,
3* Specimens should be of a simple form so as to render 
them easy of manufacture.
4 * The two different types of motion (p*3) should be 
kept separate and upon separate specimens,
5* The following more important factors should be 
capable of independent variation:
!
 a) Radii of curvature of the two engaging teeth, 
b) Pressure between the surfaces, . 
c) Relative velocities between the surfaces, 
d) Rate of movement of the point of contact over 
the surfaces, (This is termed the speed of 
rolling).
(e) The nature of the material of which the surfaces
are composed#
(f) Mature of lubrication,
Although all the above are independently variable 
it is clear that in practice they will to some extent limit 
each other. For instance* if the curvatures of the surfaces 
are fixed it follows that there will be a definite limiting 
pressure above which the materials will not work together* 
the limit being fixed by the contact stresses becoming too 
great and the surfaces crushing or seising together*
(1) Ingg. Feb.29th.1924. ~ U
Similarly ^ the maximum pressure will be limited by (e) and
(f). It is probable that (c) and (d) too will depend on 
the others to some extent. At the same time they are all 
capable of being varied independently although such 
variations may not always lead to practical combinations* 
Before the apparatus could be designed it was necessary to 
collect some data about the above factors so as to determine 
•what variations would be likely to be required during the 
tests,. It was realised that it was not advisable to con­
struct apparatus of too complicated a nature at first as 
after seme.little work had been.done.improvements and 
possibly new methods 'would suggest themselves. Therefore 
the apparatus has been kept as simple as was possible to 
achieve the desired results.
Making a selection from the factors (p*ll) it was 
decided that it would be easiest to arrange for variation 
in the pressure* nature of material* lubrication* duration 
of test and possibly the speed* than in any of the others, 
and therefore a typical pair of gears was selected from 
general practice and the various velocities and pressures 
calculated for it. (See Appendix 1.) When selecting this 
gear the fact that a large radius of curvature would make 
the apparatus large was borne in mind and.a gear having a 
mean radius of curvature of 1*5" approximately.for the 
pinion.teeth form was selected.
Development and Design. ,
It is always of interest to follow the development 
of a piece of apparatus and the following gives a brief 
outline of the steps taken in arriving at the apparatus 
constructed, from the original conception. No attempt has 
been made in this apparatus to reproduce exactly the 
conditions which prevail in gear wheel3 but rather the 
object has been to cause the test pieces to receive a kind 
of treatment similar to that which gear material is subject 
to in practice. This is achieved by subjecting the material 
to the two types of combined rolling and sliding motion 
described on page 3 * o&ch type of motion being kept separate 
on.separate test pieces.
The principal stages in the development of the 
apparatus were as follows •-
1« Original suggestion to use the contact between 
a cam.and lever. See Fig.15, Sheet.7 .
2* A modification of Method 1* to overcome some 
of its objections. See Fig*l6, Sheet 7 *
3* Substitution of circular specimens for cams and 
giving the flat specimens a reciprocating 
motion,
- 4* Modification of Scheme J* to final arrangement,
See Fig .*1 7* Sheet 8, . . .
The question of shape and size of specimens occurs 
at all stages but for convenience it is dealt with 
separately, It was decided, as will b© seen later, to 
use,flat specimens to represent the wheel teeth and curved 
specimens to represent the pinion teeth.
The foregoing are dealt with belOw in the above
order,
1.
It was suggested to the writer that the required 
types of relative motion could be obtained by means of a 
cam and lever. The contact between the1cam and lever going 
regularly through both.types of motion, This is illustrated 
by Fig,1 5, Sheet 7> the various positions and motions being 
shown by a, b* c and d, ' It will be seen that by varying, the 
eccentricity and the diameter of the cam various combinations 
of motion can be obtained. At first this schema seemed 
fairly straightforward but when it was realised that the 
relative speeds of the two surfaces might be required to be 
as high as 20 or 30 ft,sec. of even higher it was seen that 
instead of the 1ever following the cam it would receive a. 
series of hammer blows'and if by means of springs it was. 
constrained,to follow the cam the actual pressure between the 
surfaces would vary over a wide range and be very uncertain, 
Then, too, as the cam moves the leverage will change and so 
vary the load on the specimen during the motion. This 
however would not be so serious as the first as the loads 
could be calculated and the variation would be the same for 
all the specimens,
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2 .
To try and overcome some of these objections the 
scheme shorn by a line diagram in Fig#l6, Sheet 7 . was 
evolved. It will be seen that this gives a method which 
gets rid of the variation of load due'to changes by 
leverage and the angular movement of the levers. The 
load too is now balanced and so the shaft would not require 
such heavy bearings. Unfortunately however it does not 
get rid ox the inertia effect and so would b© altogether 
unsuitable for th© speeds required,
3* ' .
The next scheme which suggested itself was to have 
circular specimens and to impart to the shaft or th© levers 
a reciprocating motion by means of eccentrics or cranks.
This was a.distinct advance on the other schemes for the 
inertia effect here being normal to the load on the specimens 
should have little effect on it, but if the whole lever 
system was to be moved it would involve very considerable 
inertia forces in th© moving mechanism as th© acceleration 
would be of the order of 1000 ft/sec/sec,
4*
Upon considering the matter further it was realised 
that if the levers and shaft were fixed with reference to 
each other and the flat specimens were given a reciprocating 
motion, that the minimum of inertia forces would be involved, 
that there would be no change of leverage and that with good 
workmanship the load should be constant at all speeds. This 
last statement is not quite correct as there will b© a small 
component of the inertia forces in the line of the load.
This scheme is shown by a line diagram in Fig*1 7# Sheet 8 •
The levers and. loading system remain still and the flat'' 
specimens are moved past th© circular ones by means of a 
connecting rod and guide, Th© weight of the reciprocating 
system is thus kept as small as possible while heavy levers 
and springs may be used to loadth© specimens. There is th© 
further advantage that the load may be applied whilst the 
machine is in motion.and checked any time during the test.
As the loads likely to be required will be high, springs 
were chosen to apply them through a four and five to on© 
ratio, this giving a more compact arrangement than dead 
weight loading would.
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The Specimens,
Before the apparatus could he developed to the 
extent indicated in the.above* it was necessary to 
consider the.form of the specimens to be used and the 
method of holding them, The whole question is.discussed 
together here however for the sake of clearness, After 
some deliberation it was decided to weigh.the specimens 
and obtain an indication of the amount of wear by this 
method, as direct measurement does not allow.for pits or 
cavities* burrs, etc,, which may be formed* Weighing 
alone however does not take account of deformation without 
loss, or changes in density. For the first sets of tests, 
however, the possibility of change in density was not 
considered and only the total amount of weight change 
measured. If the specimens are to be weighed it is 
necessary that they shall be.as light as is possible 
consistent with their mechanical strength.
As. the tests were primarily designed with reference 
to reduction gears, the pinion tooth could be represented 
by a circular specimen of radius the mean radius of curva« 
ture of the pinion teeth, while the wheel tooth could be. 
represented by means of flat specimens* This will make 
the mechanism much simpler and yet give a fair idea of the 
actual behaviour, of materials in service.
For the purpose of separating the two types of 
motion it is obviously not possible to lift the flat 
specimens off the curved one© for a part of the motion, 
owing to the inertia effects which,would cause shocks or 
blows and these are.not to be desired* If, however, the 
circular specimens are made slightly more than semicircles 
and not complete circles and two are placed side by side, 
but 180 dag, apart angularly, the pair rubbing on four flat 
specimens, it , will be seen |Fig«l8,.Sheet 8) that in effect 
they are lifted off the specimen for half a revolution. 
Further, if the reciprocating motion of the flat specimens 
is so timed that no reversal of motion occurs on a specimen 
it will be seen that the two kinds of motion are obtained 
on separate specimens, circular as well as flat only.
receiving one of the two types of motion, Thus a smooth 
continuous action is obtained which should work quite well 
even at high speeds.
This combination of four flat and two circular 
specimens constitutes one set and the conditions on.one 
set should be identical as regards loading, speed, 
lubrication, etc*, the only doubtful point being the 
lubrication. Two such sets were arranged with a connecting 
rod between them to give the reciprocating motion to the 
flat specimens* Fqual pressures are applied to each set. 
so that the only unbalanced forces will be the torque due 
to the friction at the contact surfaces and the inertia 
of the reciprocating masses. Thus.the contact pressures 
may be very high without undue loads coming on the bearings* 
Fig*l8, Sheet 8* .gives a diagrammatic view of one set.of 
specimens as they are held in the apparatus, and Fig*20, 
Sheet 9* gives the.shape and size of the specimens.
The holding of the flat specimens was comparatively 
simple, they being just clamped in pairs by means of set 
screws in special recesses.at the top end of the levers 
which connected.them to the.reciprocating'system *
The circular specimens presented a more difficult 
problem as it was .‘not thought desirable to remove the 
shaft each time a test was made or a ready was required, 
so a method of clamping the semi-circular specimens was 
devised* They are held between two special distance 
collars by means of lock nuts and are prevented from 
coming out radially by means of shoulders which fit into 
recesses in the collars* The whole scheme is shown in 
Fig*19, Sheet 9* It has proved quite satisfactory and no 
trouble has been experienced due to slipping.of the speci­
mens* One collar is keyed to the shaft but the other is 
quite free* The thicknesses of the specimens were made 
equal to a limit of ± Q.0QQ5 *; otherwise trouble might have 
been experienced.
It was difficult to decide upon a suitable throw 
for the crank to move the flat specimens as whatever throw 
was decided upon it would not be possible.to make the 
variation in velocity truly the same as that which occurs 
over.the face of a gear tooth. Further, if it is made 
great the length of the flat specimens would have to be 
great, and it was not thought desirable to have them too 
large* Finally, an arbitrary value of 1/2* throw was 
decided upon. The dimensions of the specimens were.made 
as shown in Fig*20, Sheet 9*
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Lubrication.
The Case of abrasion with good lubrication was to 
be considered and consequently it was required to spray 
the oil between the meshing surfaces. It was decided.to 
use a centrifugal pump of simple form to deliver the oil 
by means of pipes and jeta between the surfaces, Th® oil 
then drains back into the base of the frame, which had 
been rendered.oil tight by welding a bottom on, and . 
passing through a filter returns again to the specimens.
The filter fitted was of the mesh usually used to filter 
gear oil, being 44 mesh J2 gauge steel wire gauze. The 
pump, which has a 3n impeller with four blades at right 
angles, delivers quite a good supply of oil at 2000 R.P.M* 
the only trouble being the tendency of the oil to get full 
of air bubbles due to the churning action and thus stop , 
the pump woik ing* It would have been much better if the 
pump could have been arranged to work drowned, but it was 
not possible to arrange this with the existing frame*
The oil system is fitted with a tell-tale which rings a 
bell when the pressure falls below a value which ensures 
a good supply of oil to the specimens. It is found that 
re~priming the pump will usually start it off again quite 
well and it will then deliver for an hour or so before 
requiring any more attention*
Complete Apparatus. .
The form of the complete apparatus is clearly shown 
in the photographs, Figs. 21 and.22* Sheet 10, and drawing 
Fig,23i Sheet 11, The mechanism as described above is 
mounted on one end of the frame which is built.up of 
channel iron welded together to form a sump as well as a 
bed. The motor to drive it is mounted at the other end.and 
the guide levers for the connecting rod.lie along the 
bottom, being pivoted under the motor. Guards (some of 
which are not shown in the photograph) are fixed all round 
the mechanism and levers to catch the oil spray and guide 
the oil back to th© sump. Balance weights to balance all 
the rotating and one-third of the reciprocating forces are 
fitted to the shaft eaoh side of the crank pin as even now 
the inertia forces are fairly large at full speed*
«=» 17 M l
Provision m s  made for loads up to 1200 lbs, per 
inch of width on the specimens and this can he increased 
if necessary by making the specimens narrower* No 
provision was made at the start for speed variation as 
it was felt.that this could be added later if required* 
The variable factors are,therefore:~ .
il) Load*2) Nature of material,3; Lubrication,
4) Duration of test.
V.- TESTS'MADE: ■
Before a programme of systematic tests can be 
arranged to study the.abrasion of material under gear 
conditions, it is necessary to conduct some preliminary 
tests so as to form an idea of what kind of results can 
be expected* Therefore it.was decided to carry out a. 
series of tests into the wearing properties.of standard 
gear materials by means of the apparatus described, .
These tests consist of running the materials under a 
constant load for a considerable period, taking readings 
of wear regularly and so obtaining time-wear-.curves*
From these curves-it should be possible to.judge what is 
the most suitable method of estimating the wearing 
qualities of a material with regard to gear conditions. 
Further* they.should show if the theory with regard to 
the difference of wear under the two types of motion 
(p*3 «) is correct for the particular materials tested.
During these tests it was not found convenient to 
run the apparatus at its full speed of 1500 R,P,M* and 
so the preliminary.tests were conducted at 1100 E»P,M« 
that being the speed of the apparatus when the motor was 
run with full excitation. This gives a peripheral speed 
of the circular specimens of 14*4 ft*sec« The maximum 
speed of the flat specimens will be 4*8 ft«eec, ,Thus the 
relative velocity between the flat and curved specimens 
will vary between 9 ,6 and 19*2 ft*sec; The actual curve 
of variation is given in Fig*38* Sheet 17 * This.curve 
neglects the angular effect of the connecting rod. It 
will be seen that there are two curves, A and B, Curve A 
applies to curved specimens with (a) type of motion and 
flat specimens with the (b) type of motion. Curve B applies 
to curved specimens with the (b) type of motion and flat 
specimens with the (a) type of motion. It will be seen
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that although the variation of velocity is the earns over 
the specimens with the.different types of motion, that 
the actual velocities are different. Thus to obtain.tests 
under almost identical conditions (the difference.being 
in the position of the maxima) it would be necessary to 
run two sets of tests at different speeds,
During erection of the apparatus some temporary 
specimens ware used to enable trials to be made and. it was 
noticed that they showed signs of.wear although the loads 
had not been very great (200 lbs/inch of width or so)* It 
is true they had been run with only occasional lubrication 
as it was not convenient to have the pump working owing to 
the splashing of the oil,. It was decided therefore to make 
the first tests at quite a low load (160 lbs/inch of width).
As the tests were to be made with material in the
same condition as that of the gear teeth it was necessary 
to prepare this material for it was not possible to cut 
specimens from actual gears in the position occupied by the 
teeth. It is intended at a later date to obtain a piece of 
a reduction gear wheel rim for test pieces but that has not 
been possible yet. The material available was f piece of 
reduction pinion (a nickel steel) and a piece of shaft 
steel of the same'material as th® gear. wheel rims are made 
of, It was felt necessary that the material should be forged
so that when the specimens were cut the direction of flow
of the metal during forging would pass through the rubbing 
surfaces in approximately the same manner as it does through 
the gear teeth. It may be found that this does not affect 
the wearing properties but it is held by some that the 
direction of forging has a material effect on the wearing 
properties and strength of gear teeth, Mr* Brearley'lOgives 
some details of the variation.in the strength of the teeth 
due to different manners.of forging the blanks.
Fig,24, Sheet 12* shows how it is considered the 
flow lines will go in, (a) a forged reduction gear pinion,
(b) a small forged pinion* It will be seen that the teeth 
of straight out gears will be parallel to the forging lines, 
With helical teeth.this will only.be approximately correct*
To reproduce these conditions as far as possible the pinion 
material was forged out into a cylindrical bar and the 
specimens cut as indicated at.a. Fig*24*
Lecture given to Drop Stampers Assoc, May 1st,1918*
tohez IS
Now soma geart^are forged as the pinion at b, Fig,24, 
and would have the forging lines running along the teeth* 
Large gear wheals, however, such as are used on reduction 
gears, have .a forged rim on which.the teeth are cut. This 
will have the lines running as shown in Fig.25M  > Sheet 12* 
Here it will be seen the lines run almost perpendicular to 
the surface of the teeth. This will be for'straight cut 
gears. For the helical type this will again be only 
approximate. The wheel material was therefore, forged out 
into & flat bar and the specimens cut out as shown in (b)
Fig.25. It will be seen that one side of these will 
represent the wheel teeth on the forged rim while the side 
at fight angles will represent the case of a'small forged 
gear wheel• The tests described in this paper were all made 
with the flow lines perpendicular to the rubbing surface.
These materials were then heat treated to obtain 
the desired mechanical properties. The pinion material was 
annealed at 820 deg,C* and then air cooled, It was then 
heated to 840 deg*C. and kept at.that temperature.for one 
hour, oil quenched, and finally tempered at 65O dag.G* and air 
cooled. The piece was diameter x 2 ft. long and gave 
the following physical test figures after this treatment,
214 ,
53*0 tons/sq.inch,
34*3 tons/sq.inch,
5 9.3$
22*0$
The chemical composition waa:-
Carbon, 0.311#
Nio&sl, 3.69 $
, Chromium* 0.;0A$
Manganese* 0.68$
The wheel'material after forging was normalised 
by air cooling from 85O.deg.Cjj the piece was 3 f%* x 4" s |n. 
As will be seen from the microphotograph, Figs,39 .and 40,
Sheet 18, this treatment has hot been as effective as it 
might have been, the material showing signs of overheating, 
Possibly it was kept too long at 850 deg.C, Further it is 
not uniform throughout th® bar. As the test results were 
satisfactory the structure was not examined until after the 
tests were made, which was unfortunate, for there is some
Brinell hardness«
Ultimate Tensile Strength, 
Yield Point.
Reduction of Area. 
Elongation on 4 &
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difference between the structures of the specimens,
The test figures were as follows for the wheel material
The chemical composition was:- '
Carbon, 0 *389$
Manganese 0*o2$
The temporary flat specimens used during erection 
were pieces of 1/2* sq, cold rolled steel bar, The 
circular specimens were of the pinion material as described 
above.
The surfaces of the specimens were finished as far 
as possible with the same finish lbs the gear teeth would 
have, The circular specimens were, left a good turned finish 
and not filed or polished. As the milled surfaces of the 
flat specimens were rather rough they were filed with a smooth 
file but not polished, it being felt that a smooth file finish 
was quite as good or even better than the hobbed surfaces of 
the wheel.
All burrs, etc* were removed carefully so that there 
would be no danger of them coming off later and causing errors 
in the results. For the purpose of cleaning the specimens a 
regular routine was instituted as follows. First the oil 
was wiped off the specimens , then they were rinsed in dirty 
Benzin8 and allowed to drain; they were then rinsed in clean 
Benzine and placed to dry in the air on clean pieces of paper, 
It was felt that if a systemmatio method like this was used 
to clean them the error would be approximately the same each 
time and the change in weight would be obtained accurately 
without the trouble of many washings in various liquids, it 
being fairly certain that a certain amount of dirt due to 
impurities in the Benzine would still adhere to the specimens.
The oil used during th© tests was "Heavy Medium Turbine 
Engine Oil* which is a mineral oil having a viscosity of 685 
Redwood sec, at 68 deg.F* and 85 Redwood sec, at 140 deg,C4
Brinell hardness.
Ultimate Tensile Strength 
Yield Point,
Reduction of Area* 
Elongation on 4 &rea.
1 ‘
3 on3/sq .inch 
21*9 tons/sq*inch
4 7.3$
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Tests were made at pressures of 160 lbs/inch of 
width and JEO lbs/inch of width on the specimens, the 
speed as mentioned before being 1100 R.P.H, Soon after 
the first test was started the pump belt broke and the oil 
failed. Before the apparatus could be stopped it exhibited 
by the noise made some signs of seizing. Originally the 
intention had been to run for three hours but as this 
stoppage had occurred the specimens were all weighed. It 
was fortunate that this was done as it was found that the 
circular ones had gained in weight presumably.due to 
seizing, After this runs were made of several hours 
duration but never for more than three hours without a 
stop, as the oil became too hot. Its temperature was not 
allowed to rise above 1J0 deg.F, and this fixed the length 
of the runs. Readings of wear were not made however at 
each stop but at much longer intervals.
At the commencement of a day*a tests the oil was 
heated up by means of an electric heater to about 100 deg,F, 
so that the lubrication was approximately the same as in 
gears, the temperature limit for reduction gears being 
from 120 to"14Q deg.F.
71, RESULTS:
The results of the testa are shown by mean3 of 
curves. (See Figs,26-3?* Sheetsl3“17♦) These curves show 
the total wear of the specimens in grams plotted against 
the total time of the test. The curves are plotted in pairs 
each pair being the results from two specimens which were 
side by side and subject to the same pressure and lubrication
conditions but to different types of motion. The curves.
for the pressure of 320 lbs/inch of width were obtained 
from the worn specimens, the load simply being increased 
on the same specimen. They are therefore not representative 
of what would occur if the load was applied fully at the 
start of a teat, with new specimens.
Taking a general survey of the curves it will be 
seen that there is a rapid rate of wear at first and then 
the rate falls off. It is not clear from the curves as to 
whether the result would be to reach a limit or a. steady
rate of wear but one would expect to reach a more or less
steady rate of wear although at low loads this rate might 
be very small,
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The effect of the partial seizing is shorn on 
the curves for the circular specimens, all of them actually 
Increased in weight although by different amounts, It will 
be noticed that the one that gained most rapidly lost it 
again,
The curves for the load of ~}2Q lbs/inch width, 
although erratic, do not show the same falling off in the rate 
of wear that.the first set of curves does. One would think 
therefore that this falling off is due to the deformation 
and hardening of the surface and once this is produced the 
wear will not occur at so great a rate, This of course is 
what would be expected and shows the wisdom of running in” 
machinery under light loads.
From the first set of curves at 160 lbs/inch the 
evidence on the whole seems to show that the (b) type of 
motion (p.3) tends to produce greater wear than the (a) 
type. The majority of the (a) curves lie below the corres^ 
ponding (b) curves and have a less slope. The slope is of 
greater importance than the actual position as position may 
be due to some;difference of initial wear not due to the . 
motion. The curves which show the difference best are 
Fig, 27, Fig,29# and it will be noted that they are the 
smoothest curves, Fven the other curves (Fig.26, Fig,28) 
have the same difference in slope but the results are more 
erratic. These are all flat specimens. The.curved specimens 
also show the effect £uite well for the load of 160 lbs/inch,, 
See Figs,3^ &nd 3 1* and here the difference in slope is well 
marked. Further it will be seen that the seizing effect was 
greater .on the (b) specimens than the (a).
The only difference betweenthe conditions of the two 
specimens is one of relative velocity and motion as remarked 
on p.1 9* so the difference of'wear may.be due to either.of 
these, It will be seen that the.flat specimens with least 
wear have the (a) type of motion and therefore a greater 
relative velocity than the others. It is thought by some 
that the greater relative velocity between surfaces helps 
the lubrication and so it may be that these specimens have 
had better lubrication than the others, To decide this 
definitely it would be necessary to run test3 at different
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speeds* It will be noticed* however, from Fig*38,
Sheet 17, that the flat specimen with the (a) type of 
motion has the same relative velocity as the curved 
specimen with the (b) type of motion, so>that for the 
curved specimen the (b) type of motion has the greater 
relative velocity and, if the above theory about the 
lubrication is correct, the best lubrication* But for 
this case as well it m s  seen that the (b) type produced 
the greater wear, so it would seem that the variations 
of relative velocity present here do not affect the 
lubrication sufficiently to change the relative amount 
of wear*
Considering now the curves for the greater load 
it will be seen' that the results are not so consistent.
With two pairs of flat specimens (Figs,32 and 33> Sheet 16) 
the slopes are little different and the total wears too 
are about eQual, With Figs. 34 &&d 35> Sheet 16, however 
the (b) type of motion still shows greater rate of wear 
and greater total wear, The difference here is very marked. 
The curved specimens (Figs, 36 and 37> Sheet 17) too show 
the (a) type as being the less severe but it will be seen 
that the curves are very erratic. Judging from the curves 
as a whole however there seems to be sufficient evidence 
to say that the (b) type of motion causes the greater 
amount of wear both initially and finally.
During the actual tests it was noticed that Quite 
suddenly the apparatus would make a peculiar grinding 
noise as if the specimens were seizing or tending to seise. 
This usually occurred when the oil was fairly warm,
120°F.« HOOF. As far as could be seen there was a 
plentiful supply of oil to the specimens and therefore 
no reason for them to seize, It was wondered if the 
phenomenon was a similar one to that noticed by Hasbaumer 
that is, the wear instead of occurring at a steady rate 
proceeds spasmodically, He attributes this to the formation 
of a hard layer or skin which wears Quite well until it is 
broken down when sudden wear occurs with the formation of 
a fresh hard layer.
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This does not seem to show on the curves but it 
is probable that readings should have been taken at much 
shorter intervals for it to do so. The worn surfaces 
are scored to some extent and it may have been the 
formation of these scores which was the cause of the 
noise referred to above, The cause of the scores is 
rather obscure as they do not seem to be pits in the 
same sense as gear pits? although many of them are of a 
circular form* Many mors have appeared on the surface of 
the circular specimens than on the flat ones. This may 
have been due to the material of the flat specimens having 
flowed over and filled them up again. Had the loads or 
speeds been high it might have been thought that the oil 
film had broken down* but the loads were not greater than 
those used in practice* so this should not have occurred.
Micro Structure,
A micro examination was made of a pair of flat and 
a pair of curved specimens* Figs, 39 &nd 4$> Sheet 18, 
are micro photographs of a portion of each flat specimen,
Fig*39 being subject to the (a) type of motion and 4°* 
the (b) type. In both cases it will be seen that the effect 
has penetrated to a depth of about 0%005tt* Unfortunately 
there seems to be some difference between the structure 
of these two specimens although they were cut from the 
same bar* It may be that this accounts for the variations 
between different sets of curves* If so one would expect 
specimens which gave more consistent results to have the 
same structure. The pair 3B,4B,‘(see curves Fig,27? Sheet 15) 
were therefore sectioned and examined and it was found that 
their structure w&3 more uniform, As the appearance of the 
flowed.surface was the same as the first specimens, 
photographs of these were not taken*
Figs, 41 and 42:^  Sheet 19, are micro photographs of 
the curved specimens? Fig .41 being the one subject to the 
(a) type of motion. The structure of these specimens is 
cpuite good and very si2wilar for both of them. It will be 
seen that only Fig*42. exhibits any signs of the surface 
having been flowed? and this only to a slight depth, 
probably about 0,001ff* This had been subject to the (b) 
type.of motion, that is? rolling and sliding in opposite 
directions*
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Appearance of the Surface of the Specimens.
The first set of specimens used* for erection 
purposes? was of cold rolled steel for the flat and nickel 
steel for the curved. The conditions under which they were 
run are not known hut each member of a set must have had 
the same treatment except with regard.to the type of motion, 
and possibly lubrication. After some runs by' appearance 
they could be grouped into sets which agreed with the types 
of.motion they had been subject to. Those subject to the
(a) type of motion showed a bright smooth surface with digs 
or tears in it for the flat specimens and a dull smooth 
surface with digs and tears for the curved.specimens, Those 
subject to the Tb) type of motion showed a peculiar waved 
or chattered surface with digs and tears for the flat, 
specimens and a burnished surface with the usual digs and 
tears for the curved specimens.
The second set of specimens (those used for test 
purposes) exhibited very similar characteristics although 
the flat specimens (of different material than the first) 
were smoother* that is* the waved surface was not so pronounced.
VII* CONCLUSIONS:
The scope of the subject dealt with is so wide that 
only a small part could possibly be taken in by the first 
investigation, The particular problems to which enquiry has 
been addressed are:-
(a) Developing a machine or means for testing the abrasive
characteristics of materials which approximates more 
closely to the action of meshing teeth than the means 
hitherto employed,
(b) The difference of wear of gear teeth above and below
the pitch line and its cause,
(c) Test data bearing upon (b).
(d) Further development.
The points (a), (b) and (c) are dealt with by the 
following conclusions and (d) forms the subject of the 
concluding section of the report.
(1) The abrasive action above and below the pitch line
of a gear tooth is fundamentally different.
(2) The two different motions of the abrading surfaces
referred to by (l) have been reproduced by the. 
machine described. This machine has been developed 
to a practical stage and has operated satisfactorily.
(j) It is desirable to standardise the test in the
direction of measuring the rat® of wear after an 
initial period of running to.stabilise surface, 
conditions* The tests suggest that an initial 
period of three hours followed by.a test period of 
three hours ’would be suitable,
(4 ) More tests are required to establish the relation
of the ratio of the wear to the factors present, 
e.g. pressure, speed of sliding and rolling.
(5) The difference in wear is in the same direction as
is found in the case of unhardened gear teeth 
and the tests made supply an explanation of the 
difference of wear above and below the pitch line 
of gear teeth,
VIII, TORTHER WORK:
As already indicated, the almost unlimited field for 
investigation makes it difficult to do more than direct 
attention to further work which should first receive attention. 
The investigation suggests the following for further enquiry
(1) Determination of the effect of speed and temperature
upon the rat© of wear for different pressures for 
the same pair of materials,
(2) The.effect of-heat treatment and structure of one or
both materials upon wear for standard conditions of 
test.
(j) Influence of combinations of dissimilar metals upon 
wear,
(4 ) Development of machine to measure friction loss of 
energy as well as wear,.
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In order to carry out this work more effectively 
certain developments.of the machine are desirable, namely:-
*
(1) Tit machine with independent lubrication
supply*
(2) Arrange for cooling or heating the oil so
that a uniform temperature can be maintained 
for long periods.
The writer would like to thank the Metropolitan- 
Tickers Electrical Company Limited for their permission 
to use in this report the results of an investigation 
he has made for them in their Research Department.
He also wishes to thank Mr, R.W, Bailey, Wh.Sch,,
B,Sc., for helpful suggestions and criticisms during 
the course of this investigation.
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APPENDIX i.
C A L C U L A T I O N S .
The method of calculating the pressure between the 
teeth is one published.by A,E, Ainslie (Engineer, Dec.28,1923) 
and consists of finding the true length of the contact between 
the gears and the normal pressure on the gears and dividing 
one by the other, thus obtaining the actual pressure per inch 
of contact. He gives-curves which simplify the actual 
calculations of the various angles, etc.
The details of the typical reduction gear selected 
are as follows;-
Pitch line velocity* 131 ft/sec*
Pitch diameter of pinion. 10*07"
Pitch diameter of wheel,
Normal Pitch, 7/12"
Circular pitch, 0.673”
Helical angle 300 approximately *= D 
Normal pressure angle 14i°- = E
Circular pressure angle lo° 37*6* * ®
Maximum pressure transmitted. 800 lbs/inch of wheel face. 
Addendum. 0,1855"
Dedendum, 0*2145”
0 s: helical angle measured at base circle,
The load transmitted is 800 lbs/inch of wheel face.
Swinging this tangential to the base circles gives 800 . ...
Cos B ~ ^
Then normal to the line of engagement gives 8,54
Cos 0
Cos C Cos D Cos I 0.866 x 0*9681 n p*7g 
= — C o T F ~  = .0795^4 = * 75
*
, . The load normal to the line of engagement 834
- 07B75 ~ 554 lbs.
Length of engagement per inch of wheel face
a Length of path of approach * Length of path of recess
Normal pitch x Cos "I
Length of path of approach (see original paper) * 0,608”
Length of path of recess (see original paper) 0*534”
Length of engagement /inch of wheel face
- = 2 , 02 w 
0T5B35 *  Q&EST
Therefore normal load per inch of tooth face, e«g* of engagement 
= -254 = 472 lbs/inch.d,« wi;
Calculation of the Velocity of Slip,
As pointed out (p*3) there are two points of maximum 
relative velocity during one engagement of a pair of gear teeth. 
These two maxima will not he e^ual hut it will be sufficient 
for the purpose,of this investigation if one of them is 
calculated,
Considering therefore the velocity of slip at the 
commencement of engagement it will be seen on referring to 
Fig,4 3, Sheet 20, that this velocity is the vector difference 
of the velocities of.the pinion and the wheel at the point of 
contact. These velocities are marked Vi and V2 respectively.
The resultant velocity will always be perpendicular to the path 
of the point of engagement &b, so if Vi and lo are resolved 
perpendicular to this line the difference will give the velocity 
of slip,
NOW v2 «• Pitch line velocity x Addendum Radius
Pitch Radius
= yi_x_g0i22 a XJ2 ft,sac.
Sin F = an Cos B * 0.608
R + addendum
.6  x 0.9584 = 0.0288 
20.03 + O.lSjf u *u‘i '30
F a 1° 32!
2
Component of Vg = 132 x Sin (lS° 37 o f + 1° 39*)
« 132 x 0*3135
- 41*4 ft/sec.
Tan A - ap Cos B
r * ap Sin B
0»608 x 0*9584 
5 .03  -  STOSS'x  0*2815
’ss 0 *120
A -  6° 51 '
Vl = CCS^ X 5^ 5J. = 127 *Vs«<5.
Component o f = 127 *  Si-n ( l6 °  37 ,5' “  6° 51' )
= 127 x 0,1657 '
s £1,5 ft/sec.
Relative velocity = 12,9 ft/seo.
lim! 3^ * " *
<*asa‘‘gt— ......
APPENDIX ii.
B I B L I O G R A P H Y .
ABRASION OF METALS.
Author. 
Bottcne,
Article.
’Relation subsisting between the Atomic 
Weights, Specific Gravity and Hardness 
of the Metallic Elements”.
Source, 
Chemical News,
m u .  .p. 215.
1872*
He correlates Hardness and.resistance to abrasion and 
gives the.theoretical hardness as,the ratio 
specifie gravity for pure metals but finds that
atomic weight impurities upset his results.
He measures his hardness -
(a) by pressing a cylinder, 1 cm, diameter,
I cm, into the substance and noting the load, 
to do this,
(b) by pressing a piece of the material against a
cast iron disc with a constant pressure, the 
disc rotating at constant speed,and notes the 
time to get a certain depth of cut.
Budley
S&niter
"The Chemical Composition and Physical 
Properties of Steel Rails".
"Does the Wearing Power of Steel Rails 
Increase with the Hardness of the Steel".
"Wearing Capacity of Steel Rails in relation 
to their Chemical Composition and Physical 
Properties",
"The Wear of Metals as influenced by its 
Chemical and Physical Properties,
Inst,of Mining 
Engr. ¥01.7 .1878, 
-do- V.7 ,1878.
-do- V .9.1881.
-do- ¥,15,1850 .
He finds that in all cases the greatest elongation 
is accompanied by the best wear* Also that the finer 
the micro-structure the better the wearing properties.
"A test for ascertaining the Relative 
Wearing Properties of Hail Steel".
Iron & Steel Inst, 
Jnl. 1508. No.III. 
PP .73-30.
Author
Breuil & 
Rotin.
Article, Source *
Robin*
Fowler*
S&niter,
Nasb&umer
Robin.
"Friction Testa on the Wear of Steels11, Int.Assoc* for
Test Materials. 
They test by using emery wheels and laps lS'OJ,
but find them unsuitable and finally use 
abrasive papers,
"Wear of Steels"*
He uses abrasive papers and cylindrical 
specimens with their ends pressed on the 
papers under a constant pressure of 1 kg* 
per squern* Gives test results on a large 
number of materials.
"Abrasion".
Tests gear materials by rubbing together 
under water. There is also a note on 
lubrication,
"Hardness Testing and Resistance to 
Mechanical Wear",
Gives resume of what has been done on 
abrasion and the results of hi3 work on 
rolling abrasion . Uses loaded ball race 
to wear specimens.
"Hote on Wear of Bronzes".
Uses apparatus of Derihcn - a steel disc 
in oil bath with specimen pressed on 
periphery«
"Abrasion tests of Steel",
Resume of paper published by Iron'& Steel. 
Institute (Carnegie Researches, 1310).
Carnegie Scholar­
ship Memoirs, 
Publ.by Iron & 
Steel Inst,1910,
Amer.Soc.Test 
Material8,1911 * 
pp.830-832.
Int.Assoc,for 
Test Materials. 
1912. 1st.Sect, 
III-l,
Int.Assoc.Test 
Materials, 1st, 
Sect.III-4.1912,
Int.Assoc.Test 
Materials. 1912, 
1st.Sect,IIT-6.
- 2 -
/
Author. Article, Source.
Korria.
Proc .Inst. 
Mech.Engrs 
Iov.l31o,
Hurst,
Brinell*
J&nnin,
Raid,
"Resistance of Steels to Wear in Amer.Soc.Test
relation to their Hardness". Materials, 1313,
XIII, p,562.
Tests specimen by placing between three rollers 
run at different speeds.
"Report of Hardness Test Research 
t Committee".
Tests on rolling and sliding abrasion and relation 
between hardness and wearing property,
"An Investigation on the Wearing and Carnegie Sch, 
Anti-Friction Qualities of Cast Iron" Memoirs, Iron &
Steel Inst, 1J18
"An Investigation into the Resistance Jernkontorets 
of Iron, Steel and some other Annaler. 1921,
Materials to Wear".
He uses dry sand as an abrasive and feeds it 
between the material to be tested and a soft iron 
disc.
"A New Method of Testing the Wearing Revue de 
of Metals", Metallurgie.
Feb. 1922*
Describes a machine‘invented by M, L.Janhin to test 
the resistance to wear of metals. His method is 
to wear a cylindrical groove in a flat specimen by 
standard.means for a definite time. .He takes the 
width.of the impression formed’as the resistance 
of the metal to abrasion.
"On Wear", Testing, Vol.l.
No,2, p.93. 1924 
Gives resume of work done on abrasion of material 
up to date.
Author* Article, Source.
Hols, ”Brinellrs Researches on the Testing
Resistance of Iron, Steel & Some No»2, p 
Other Materials to Wear",
Discusses Brinell1© wear.testing apparatus.
Hitchcock, ”A Machine for Determining the Testing'.
Resistance of Materials to Wear No*2. p
under various kinds of Friction 
encountered in practice*”
Describes the Amsler machine for wear tests.
Ethridge* ”A Machine for Investigating the Testing
Resistance of Fabrics to Abrasion”. No,2, p
Description of the machine.
. ‘Vol.l. 
104, 1924.
, Vol*l.
*147 - 1924*
Vol.l*
156, 1924.
REPORT
ON
ABRASION,OF GEAR WHEEL 'MATERIALS■UNDER COMBINED 
; ROLLING AND SLIDING CONTACT.
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